Background {#Sec1}
==========

Hepatocellular carcinoma (HCC) is one of the most common malignant cancer worldwide and the second leading cause of cancer death for male in China, especially in China's rural areas, and it is also considered as the sixth leading cause of cancer-related mortality for male in developed countries. According to reports, the incidence and mortality of liver cancer in China occupies for nearly 50% of the global liver cancer population \[[@CR1], [@CR2]\]. Unfortunately, the pathogenesis of HCC is concealed, which is difficult to find in early stage. The rapid development and high rate of postsurgical relapse is a major challenge of HCC, owing to the rapid proliferation and differentiation of hepatoma cells \[[@CR3]\]. Thus, new antitumor agents and potential mechanisms are urgently needed to inhibit the proliferation of hepatoma cells.

Sorafenib is considered to be the only effective treatment targeted drug for patients with advanced HCC, but it shows poor treatment effect for patients with extrahepatic spread or vascular invasion \[[@CR4]\]. Therefore, screening effective anti-hepatoma drugs from traditional Chinese medicine herbs is a necessary research field. In recent decades, some effective ingredients of Chinese medicinal herbs, such as icariin, psoralen, osthole, matrine, ginsenoside Rg1/Rh2 and celastrol, were reported to inhibit the proliferation of hepatocellular carcinoma cells \[[@CR5]--[@CR11]\]. *Psoralea* species possess unique bioactive compounds with anti-cancer properties \[[@CR12]\], and there are many tumor-suppression patents of traditional Chinese medicine which have psoralea as basic remedy \[[@CR13]--[@CR15]\]. Additionally, psoralen is the main active component of *Psoralea corylifolia* (L.) (Fig. [1](#Fig1){ref-type="fig"}a) and is used as marker to assess its quality \[[@CR16], [@CR17]\], which can inhibit the proliferation of adrenocortical tumors Y1 cells and pituitary tumor AtT20 cells \[[@CR18]\]. Psoralen is a kind of furocoumarin, the molecular formula of psoralen is C~11~H~6~O~3~, with molecular weight of 186.1 and dissolved in DMSO. The chemical structure of psoralen was shown in Fig. [1](#Fig1){ref-type="fig"}b. Furthermore, psoralen plays roles in anti-tumor, anti-oxidation and reversing the multidrug resistance, and it is concerned with cell cycle, apoptosis, calcium antagonism and estrogen-like effects \[[@CR19]--[@CR22]\]. However, the effect of psoralen on HCC is still unclear.Fig. 1Chemical structure of psoralen. **a** The plant diagram of psoralea. **b** The chemical structure of psoralen

Endoplasmic reticulum stress (ER-stress) is the basic cells response against various extracellular factors, including UV, anoxia, oxidative stress, toxic substances, nutrient deficiency and drug agonists, which will result in the unfolded proteins accumulation in the endoplasmic reticulum and lead to Ca^2+^ homeostasis imbalance. According to previous studies, three major ER-spanning transmembrane proteins, PERK (protein kinase R-like ER kinase), ATF6 (activating transcription factor 6) and IRE1 (inositol-requiring enzyme 1) subsequently drive mutually reinforcing signaling pathways to correct the protein-misfolding stress \[[@CR23]\]. In this process, glucose-regulated protein of 78 (GRP78), also known as heavy chain-binding protein (Bip), plays an important role in detecting the accumulation of unfolded proteins in ER lumen and releasing the three sensors, so GRP78 is considered to be an ER homeostasis receptor \[[@CR24]\].

In the early stage of ER stress, the unfolded protein response (UPR) acts to help cells to cope with the stress by attenuating protein synthesis, clearing the unfolded/misfolded proteins and increasing the capacity of the ER to fold proteins, which restore the intracellular homeostasis and protect cell functions. However, strong and sustained ER stress induced by the activation of UPR will cause imbalance of ER homeostasis. Prolonged activation of the UPR can induces apoptosis pathway following ER stress, mainly involving in the CHOP/DITT3/GADD153 gene activation pathway, JNK activation pathway, ER-specific cysteine Caspase-12 activation pathway.

In this study, we observed the proliferation inhibition effects of psoralen on hepatoma SMMC7721 cells and further investigated its relationship with ER stress. The results suggest that psoralen can induce cell cycle arrest and apoptosis by ER stress to inhibit malignant proliferation of hepatoma cells.

Results {#Sec2}
=======

Psoralen inhibits the proliferation of SMMC7721 cells {#Sec3}
-----------------------------------------------------

We first examined whether psoralen was cytotoxic to hepatoma cell lines. Compared with the control group, the SMMC7721 cells treated with different dose psoralens for 24 h, 48 h and 72 h. We found that 20--80 μM psoralen inhibited cell proliferation and the inhibition rate was 17.50--25.10% in 24 h (Table [1](#Tab1){ref-type="table"}). More than 20 μM psoralen could effectively inhibit cell proliferation in 48 h (P \< 0.001) and 72 h (P \< 0.001) (Table [1](#Tab1){ref-type="table"}). In particular, more than 80 μM psoralen caused cell death (Fig. [2](#Fig2){ref-type="fig"}a, b). Next, we explored the effect of psoralen on L02 hepatocyte cell line and HepG2. We found that 10 μM, 20 μM and 40 μM PSO had little effects on the proliferation of L02, but 80 μM PSO could inhibit L02 proliferation (Fig. [2](#Fig2){ref-type="fig"}c). However, psoralen treatment showed little effect on proliferation of HepG2 cells (Fig. [2](#Fig2){ref-type="fig"}d). It is suggested that psoralen has a significant inhibitory effect on the proliferation of SMMC7721.Table 1Inhibitory effect of psoralen on proliferation of SMMC7721 hepatoma cells ($\documentclass[12pt]{minimal}
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Psoralen causes shrinkage and endoplasmic reticulum dilation of SMMC7721 {#Sec4}
------------------------------------------------------------------------

The SMMC7721 cells were treated with 40 μM psoralen or 0.1 μM thapsigargin for 12 h, 24 h, and 48 h, respectively. The results showed that SMMC7721 cells appeared mild shrinkage and the cells gap increased. With the treatment prolonged, the SMMC7721 cells shrunk significantly, furthermore the dead and floated cells could be observed. The thapsigargin caused the cells shrinkage as a positive control, which showed significant inhibitory effect than that of psoralen (Fig. [3](#Fig3){ref-type="fig"}a). These results suggested that psoralen can induce the shrinkage and reduce adhesion of SMMC7721 cells. Next, we observed the intracellular structure of SMMC7721, which showed a large nucleus, few cytoplasm, scattered smooth endoplasmic reticulum and some mitochondria in transmission electron microscope. However, endoplasmic reticulum dilation appeared in SMMC7721 by 40 μM psoralen treatment for 24 h, and the cytoplasm presented loose and derangement distribution. Moreover, 0.1 μM thapsigargin can cause the endoplasmic reticulum dilation and cytoplasmic structure disorder (Fig. [3](#Fig3){ref-type="fig"}b). It is suggested that psoralen can cause abnormalities of endoplasmic reticulum and cytoplasmic structure in SMMC7721 hepatoma cells.Fig. 3Effects of psoralen on the morphology of SMMC7721. **a** SMMC7721 cells shrunk in the dose of 40 μM psoralen or 0.1 μM thapsigargin for 12--48 h. **b** Abnormalities of endoplasmic reticulum and cytoplasmic structure in SMMC7721 in the dose of 40 μM psoralen or 0.1 μM thapsigargin for 24 h. Yellow boxes represent the abnormal region

Psoralen induces cell cycle arrest at G1 phase in SMMC7721 {#Sec5}
----------------------------------------------------------

We next evaluated whether psoralen modulated cell cycle progression to affect cell viability. PI staining analysis by flow cytometry demonstrated that 40 μM psoralen led to a significant increase in the percentage of cells at the G1 phase and a decrease in cells at the S phase. And 0.1 μM thapsigargin also caused a significant increase in the percentage of cells at the G1 phase (Fig. [4](#Fig4){ref-type="fig"}a). We also determined the effects of psoralen on the expression of G1/S transition-related cell cycle proteins. Compared with the control group, CyclinD1 protein expression was increased significantly by 40 μM psoralen, and CyclinE1 expression was suppressed significantly. However, psoralen showed little influence on the expression of CDK4 and p27Kip1 (CDKN1B). Additionally, the proteins expression of CyclinD1, CyclinE1, CDK4 and p27Kip1 were decreased significantly by 0.1 μM thapsigargin (Fig. [4](#Fig4){ref-type="fig"}b). These results suggested that psoralen could induces cell cycle arrest at the G1 phase by reducing the expression of CyclinE1 in SMMC7721, thus inhibiting the growth of hepatoma cells.Fig. 4Psoralen induces cell cycle arrest at G1 phase in SMMC7721. Flow cytometry (**a**) and Western blot (**b**) assays showing the effects of psoralen and thapsigargin on cell cycle progression and expression of G1/S transition-related proteins, respectively. Relative protein levels are showed on the right. *ns* no significant; \*\*\*P \< 0.001

Psoralen induces apoptosis in SMMC7721 hepatoma cells {#Sec6}
-----------------------------------------------------

We next determined the effects of psoralen on cellular apoptosis in SMMC7721 cells. Annexin-V staining revealed that psoralen treatment increased late apoptosis in SMMC7721 hepatoma cells and showed a significant dose-effect relationship (Fig. [5](#Fig5){ref-type="fig"}a). Western blot analysis also demonstrated that treated with 10 μM psoralens for 48 h could increase the level of Bax, and 40 μM psoralen could attenuate the expression of Bcl-2 (Fig. [5](#Fig5){ref-type="fig"}b). These results suggested that psoralen induces cell apoptosis in SMMC7721, which may be related to the inhibition of Bcl-2 protein expression.Fig. 5Psoralen induces apoptosis in SMMC7721 hepatoma cells. AnnexinV-PI staining (**a**) and western blot (**b**) assays showing the effects of different doses of psoralen on cell apoptosis and the expression of apoptosis-related proteins

The effects of psoralen on ER-stress related gene expression in SMMC7721 {#Sec7}
------------------------------------------------------------------------

To investigate the effects of psoralen on the key gene expression of ER-stress, we treated SMMC7721 with different doses and time duration. Compared with the control group, GRP78 and SGK1 mRNA expression were increased significantly in the treatment with 20 μM and 40 μM psoralen for 48 h (P \< 0.05), DDIT3 and GDF15 mRNA levels were dose-dependent increased (P \< 0.01), and relative mRNA expression of GADD34 and FOXO3 were also increased by 40 μM psoralen (P \< 0.05). However, different doses of psoralen showed little influence on EIF2A mRNA expression (Fig. [6](#Fig6){ref-type="fig"}a). Next, we detected the mRNA levels with the treatment of 40 μM psoralen for 6 h, 12 h and 24 h. Compared with the control group, DDIT3, XBP1, and ATF4 mRNA expression were time-dependent increased (P \< 0.05), GRP78 and GADD34 mRNA expression were increased significantly with the treatment for 12 h and 24 h (P \< 0.05), and GRP94 and ATF6 mRNA levels were increased significantly after 24 h (P \< 0.05) (Fig. [6](#Fig6){ref-type="fig"}b). We also detected some gene involved in other biological processes on ER. Compared with the control group, GDF15, HERP, WARS, SYVN1, SCAP, ACAT1, DNAJC3, CALR, EDEM1, SEC61A1, and PDIA4 mRNA expression were increased significantly by 40 μM psoralen after treatment for 24 h (P \< 0.05) (Fig. [6](#Fig6){ref-type="fig"}c). However, psoralen treatment showed little effect on the mRNA levels of ER-stress gene in HepG2 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). These results showed that psoralen can induce unfolded proteins and cause endoplasmic reticulum stress in SMMC7721 hepatoma cells.Fig. 6Effects of psoralen on gene expression of ER-stress. **a** The mRNA levels of key gene in ER-stress by different doses of psoralen treatment for 48 h. **b** The mRNA levels of key gene in ER-stress by 40Μm psoralen for 6 h, 12 h and 24 h. **c** The mRNA levels of ER functional gene by 40Μm psoralen for 6 h, 12 h and 24 h. Values are mean ± SD (n = 3) and \* is means compared to the Con group, \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001

The effects of psoralen on ER-stress related protein expression in SMMC7721 {#Sec8}
---------------------------------------------------------------------------

40 μM psoralen was used to explore the effect of psoralen on ER-stress related protein expression. Compared with the control group, GRP78 and XBP-1s protein expression were increased significantly after treatment for 24 h and 48 h (P \< 0.05). And the level of IRE1α was also up-regulated time-dependently (P \< 0.05). However, psoralen had no significant effect on the expression of CHOP protein. As a positive control drug, thapsigargin (TG) promoted the expression of GRP78 and XBP-1s protein only in 4 h (P \< 0.05) (Fig. [7](#Fig7){ref-type="fig"}a). To further evaluate the effects on ER-stress, the ER-stress inhibitor TUDC was added with the treatment of psoralen. Western blot assay showed that TUDC could not inhibit the increased expression of GRP78, XBP-1s, IREα, and CHOP proteins induced by psoralen (Fig. [7](#Fig7){ref-type="fig"}b). Similarly, TUDC had little effects on the psoralen-induced up-regulation of GRP78 and DDIT3 mRNA expression (Fig. [7](#Fig7){ref-type="fig"}c). The results suggested that psoralen can induce the endoplasmic reticulum stress in SMMC7721 hepatoma cells.Fig. 7Effects of psoralen on ER-stress related protein expression in SMMC7721. **a** Western blot assays showing the effects of psoralen and thapsigargin on ER-stress related protein expression. **b** Western blot assays showing the effects of TUDC on the expression of ER-stress related protein induced by PSO. **c** The mRNA levels of GRP78 and DDIT3 with TUDC under PSO and TG treatment. Values are mean ± SD (n = 3) and \* is means compared to the Con group, \*\*P \< 0.01

Discussion {#Sec9}
==========

Psoralen is extracted from dried fruits of *P. corylifolia* (L.) from *Leguminosae*, which shows an active effect including anti-tumor, photosensitivity, cardiovascular protection, anti-histamine and estrogen-like pharmacological effects \[[@CR25]--[@CR29]\]. In the traditional Chinese medicine, the property and flavor of *P. corylifolia* (L.) are spicy, bitter and warm, and it has warming kidney and enhancing yang, preventing asthma, to warm the kidney and the spleen and check diarrhea, and removing beverage effect \[[@CR30]\], and *P. corylifolia* can be used as basic remedy to suppress tumor \[[@CR13]--[@CR15], [@CR31], [@CR32]\]. However, the roles of psoralen on the treatment of various tumors are not well understood. In our previous studies, we found that psoralen can inhibit the proliferation of Y1 adrenocortical tumor cells and AtT20 pituitary tumor cells. Based on these results, we explored the inhibition effects of psoralen on SMMC7721 human hepatoma cells for further study. Our results demonstrated that psoralen could significantly inhibit the proliferation of SMMC772 and induce apoptosis. In addition, we found that psoralen could induces cell cycle arrest at G1 phase and induce ER-stress to promote cell apoptosis, thus revealing the molecular mechanism of psoralen in anti-hepatoma effect in vitro.

As the malignant proliferation of hepatoma cells is an important characteristic of the biological behavior of tumor cells, the inhibition effect of psoralen on the proliferation of SMMC7721 hepatoma cells has an objective prospect of research and development. Similarly, psoralen can inhibit the proliferation of BGC-823 human gastric cancer cells and the half inhibitory rate (IC50) was 5.82 μg/mL \[[@CR33]\]. Moreover, MG-63 osteogenic sarcoma cells were inhibited with 640 μmol/L psoralen treatment for 72 h, and the cell inhibition rate was 77.74%, and the cells became smaller, rounder, vacuoles and pseudopodia disappeared \[[@CR34]\]. Although there are lots of studies about the pro-apoptotic function of psoralen, however, recent study demonstrated that psoralen could inhibit the apoptosis and increase the proliferation of osteoporotic osteoblasts by modulating IRE1--ASK1--JNK pathway \[[@CR35]\].

Cell cycle disorder is an important feature of tumor cells, especially malignant transformation, so cyclin is an important target for the anti-cancer effect of psoralen. Among them, CyclinD1 and CyclinE1 play vital roles in the regulation of cell cycle, which are positive regulators of cyclin-dependent kinase (CDK). CyclinD1 associates with CDK4/6 and CyclinE1 binds to CDK2, which promote cells enter S phase from G1 phase, causing cell division and proliferation \[[@CR36]\]. Once the proteins are over-expressed, the cell will shorten G1 phase and advance into S phase, causing continued proliferation and increasing the risk of cancer \[[@CR37]\]. It has been reported that psoralen can form a complex with DNA in the form of non-covalent bond that cause DNA damage \[[@CR38]\], arrest cells in G1 phase, and repair damaged DNA. Psoralen can arrest cells in G1 and G2 phases, and significantly reduce the proportion of S phase cells thereby inhibiting cell proliferation of MCF-7 human breast cancer cells \[[@CR27]\]. However, another study reported that 10 μM and 30 μM psoralen can promote the progression of MCF-7 cells from G1 to S phase \[[@CR39]\]. It suggested that the regulation of psoralen on cell cycle in different tumors was not the same.

Furtherly, psoralen can induce late apoptosis of SMMC7721 cells and show dose-effect relationship. According to recent studies, psoralen-induced apoptosis of K562 cells was observed under electron microscope \[[@CR40]\]. In gastric cancer, early apoptosis of BGC-803 cells could be obvious after psoralen treatment for 48 h \[[@CR41]\]. In this research, it suggests that psoralen has an exact apoptosis-inducing effect on SMMC7721 hepatoma cells, however, it is mainly not through the molecular mechanisms of the pro-apoptotic protein Bax and the apoptosis inhibitor protein Bcl-2.

As well known, apoptosis may be involved in endoplasmic reticulum stress. SMMC7721 cells were observed under transmission electron microscopy after 24 h of psoralen treatment, and we found that the endoplasmic reticulum was dilatated. Then the mRNA and the protein levels of endoplasmic reticulum-associated functional molecules were detected, which also indicated that psoralen could induce ER-stress. The endoplasmic reticulum is a membranous intracellular organelle, including rough endoplasmic reticulum and smooth endoplasmic reticulum. It is mainly involved in the processes like synthesis and secretion of membrane proteins, the correct folding of proteins, the storage of Ca^2+^, the synthesis and the metabolism of lipids and cholesterol \[[@CR23]\]. Due to the influence of extrinsic or intrinsic factors, misfolded and unfolded proteins accumulate in the lumen of the endoplasmic reticulum as well as the disorder of the Ca^2+^ balance are known as ER-stress. The unfolded protein reaction in cells mainly involves three signaling pathways: double-strand RNA-activated protein kinase-like ER kinase (PERK) pathway, inositol-requiring enzyme 1 (IRE1) pathway, activating transcription factor 6 (ATF6) pathway. Under physiological conditions, PERK, IRE1 and ATF6 are all combined with glucose regulatory protein 78 (GRP78/Bip) in an inactive state \[[@CR42]\]. Once ER-stress, a large number of unfolded or misfolded proteins will snatch GRP78 that originally binds to three kinds of responsive proteins, making them exposed and activated. At present, it has been found that GRP78 is closely related to the occurrence and development of liver cancer \[[@CR43]\], breast cancer \[[@CR44]\] and lung cancer \[[@CR45]\]. The expression of GRP78 is increased when ER-stress occurs, which can promote the misfolded or unfolded protein to normal status, thereby reducing the endoplasmic reticulum load and maintaining the stability of the intracellular environment. Glucose regulatory protein 94 (GRP94) is mainly stored in the endoplasmic reticulum and is an important factor in the endoplasmic reticulum stress response. When stress occurs in the endoplasmic reticulum, GRP94 can induce the expression of C/EBP homologous protein, thereby down-regulating Bcl-2 and promoting apoptosis \[[@CR46]\]. This study showed psoralen plays a clear role in promoting the expression of GRP78 and GRP94, which can induce unfolded protein reaction and cause apoptosis.

Because PERK is a type I endoplasmic reticulum transmembrane protein, its own activation of phosphorylation also results in phosphorylation of the catalytic substrate eIF2α. Phosphorylated eIF2α can inhibit the synthesis of protein and reduce the endoplasmic reticulum load in a short period of time, but long-term inhibition also leads to apoptosis. Furthermore, it can also promote the translation of activating transcription factor-4 (ATF-4) \[[@CR47]\]. Overexpression of ATF4 can activate the CHOP apoptotic pathway, which can activate GADD34 to cause the damage of oxygen free radicals. ATF6 is a type II transmembrane protein of the endoplasmic reticulum, which is separated from GRP78 and can be activated by S1P and S2P cleavage during ER-stress. Activated ATF6 promotes transcription and expression of CHOP in the nucleus, thereby inhibiting Bcl-2 and causing apoptosis \[[@CR48]\]. This results suggested that psoralen-induced endoplasmic reticulum stress mainly activates the IRE1 pathway and the ATF6 pathway. Once ER-stress occurs, phosphorylated eIF2α or IRE1 protein can activate GADD34 and ATF4. Activated GADD34 dephosphorylates p-eIF2α and restores protein synthesis \[[@CR49]\]. Overexpression of GADD34 and ATF4 induces CHOP expression, inhibits Bcl-2 expression and causes damage of oxygen free radicals which can induce apoptosis. These results showed that psoralen increased GADD34 and ATF4 genes expression, which participating in endoplasmic reticulum stress and promoting apoptosis.

C/EBP homologous protein is known as DDIT3, which is in a low expression in physiological state, can activate apoptotic C/EBP homologous protein. During ER-stress, the PERK, IRE1 and ATF6 signaling pathways can promote CHOP expression. However, high expression of CHOP leads to the loss of Ca^2+^ in the endoplasmic reticulum, which increases mitochondrial permeability and induces apoptosis \[[@CR50]\]. On the other hand, it also reduces the expression of anti-apoptotic proteins and increases the expression of pro-apoptotic proteins, finally activating cellular mitochondrial apoptosis pathway \[[@CR51]\]. This study found that psoralen can promote significantly DDIT3 gene expression, but there is no significant effect on the CHOP protein level. Combined with the expression of apoptosis-related proteins Bcl-2 and Bax, it is speculated that psoralen may cause changes in Ca^2+^ concentration in the endoplasmic reticulum through highly expressed DDIT3 which triggers apoptosis.

In general, for short-term ER-stress, cells can maintain the stability of the intracellular environment by enhancing the ability of protein folding, inhibiting protein synthesis and translation, and accelerating protein degradation. They are self-protective and belong to normal physiological phenomena. When ER-stress continues, a large amount of unfolded or misfolded protein will accumulate, which will induce unfolded protein response (UPR) and cause apoptosis. This study indicated that psoralen could cause a significant induction of ER-stress in dose- and time-effect relationship, which causing apoptosis of hepatoma cells.

In addition, psoralen might regulate some physiological process in HCC by increased relevance mRNA levels on endoplasmic reticulum. Growth differentiation factor 15 (GDF15) is a divergent member of the BMP-subfamily of the TGF-β superfamily, which could inhibit the proliferation, migration and invasion, while promoting apoptosis of A549 cells \[[@CR52]\]. Induction of ER stress leads to upregulation of several genes such as WARS (tryptophanyl-tRNA synthetase), HERP (homocysteine-inducible ER protein with ubiquitin like domain 1), DNAJC3 (also called P58IPK), ER degradation-enhancing alpha-mannosidase-like 1 (EDEM1) and leads to caspase activation, release of mitochondrial intermembrane proteins and dissipation of mitochondrial transmembrane potential (ΔΨm) \[[@CR53]\]. Synovial apoptosis inhibitor 1 (SYVN1), an ER-associated degradation (ERAD) E3 ubiquitin ligase, could inhibit the breast cancer cell growth and metastasis through the miR-96-5p/SYVN1 axis \[[@CR54]\]. Site 1 protease (S1P), SREBP cleavage-activating protein (SCAP) and acetyl-CoA acetyltransferase 1 (ACAT1) were involved in the lipid metabolism \[[@CR55]\]. ER chaperone calreticulin (CALR), protein transport protein Sec61 subunit alpha isoform 1 (SEC61A1), protein disulfide-isomerase A4 (PDIA4) were up-regulated in the ER stress response for binding to misfolded proteins \[[@CR56]--[@CR58]\]. Besides, it is worth noting that TUDC, an ER-stress inhibitor, did not inhibit the expression of GRP78, DDIT3, XBP-1s, IREα, and CHOP, which were increased expression by psoralen. It suggested that psoralen-induced SMMC7721 cells have a strong ER stress response, and the damage to cells is irreversible and is not easily corrected by ER-stress inhibitor. It suggested that the psoralen-induced ER-stress promotes apoptosis of SMMC7721 hepatoma cells with specific characteristics.

Conclusion {#Sec10}
==========

Psoralen inhibits proliferation of SMMC7721 cells by arresting cells at G1 phase. Moreover, it can also cause the endoplasmic reticulum expansion and dysfunction, so as to induce the ER-stress persistently, leading to the apoptosis of hepatoma cells. The study enriched the pharmacological mechanism of psoralen in the anti-hepatoma effect.

Methods {#Sec11}
=======

Materials {#Sec12}
---------

Psoralen (with the chemical structure illustrated in Fig. [1](#Fig1){ref-type="fig"}) was obtained from the Shanghai Institute for Food and Drug Control (NO. 110739, Shanghai, China; purity: more than 98% HPLC) and dissolved in dimethyl sulfoxide (DMSO, ST038, Biyotime, China). The final concentration of DMSO was 0.1% in all psoralen groups and had no effect on cell viability. Thapsigargin was obtained from Sigma-Aldrich (T9033, St. Louis, MO, USA), TUDC was purchased Selleck Chemicals (S3654, Houston, TX, USA).

DMSO and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (M2128, St. Louis, MO, USA). Fetal bovine serum and RIPM1640 were purchased from Gibco (Grand Island, NY, USA), penicillin and streptomycin and 0.25% Trypsin (0.02% EDTA) were purchased from Hyclone (Marlborough, MA, USA). Trizol was obtained from Invitrogen Life Technologies (Grand Island, NY, USA), PrimeScript^®^RT reagent Kit, SYBR^®^ Premix Ex Taq™ (Tli RNaseH Plus) II were purchased from TaKaRa Bio Inc (Otsu, Japan). RIPA lysis buffer, BCA kit, IgG(H + L) and IgG(H + L) second antibodies were purchased from Beyotime Biotechnology (Shanghai, China), Annexin V-FITC Apoptosis Analysis Kit and PI/RNase Staining Solution were purchased from Sungen Biotech (Tianjing, China). CyclinD1 (ab134175), CyclinE1 (ab33911), CDK4 (ab68266), Bax (ab182733) and Bcl-2 (ab182858) antibodies were purchased from Abcam (Cambridge, MA, USA). GRP78 (3177s), GRP94 (2104s), IRE1α (3294s), XBP-1S (12782s), PERK (3192s) and p-eIF2α (9721s) antibodies were purchased from Cell signaling technology. β-actin (A5441) and p27 (SAB4500067) antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). CHOP (NBP2-13172) antibody was purchased from Novus Biologicals (Littleton, CO, USA).

Cell culture and treatment {#Sec13}
--------------------------

The human hepatoma SMMC7721 cells were cultured in RIPM1640 medium containing 1% penicillin--streptomycin and 10% FBS. According to different experimental purposes, drug treatment was as follows: SMMC7721 cells were plated at a density of 5000 cells/well in 96-well plates with 24 h incubation, and treated with 10--80 μM psoralen for 24 h, 48 h and 72 h, then the proliferation of cells was detected by MTT assay. The cells were plated at a density of 1 × 10^4^ cells/well in 12-well plates with 24 h incubation, and treated with 40 μM psoralen and 0.1 μM thapsigargin for 12 h, 24 h and 48 h, then the cell morphologic change was observed by inverted microscope. The cells were plated into 6-well plates at a density of 1 × 10^5^ cells per well in 6-well plates with 24 h incubation, and treated with 40 μM psoralen and 0.1 μM thapsigargin for 24 h, then the ultrastructure of cells was observed by transmission electron microscope; or the cells were treated with 10--50 μM psoralen for 48 h, then the cell apoptosis and cell cycle were tested by flow cytometry; or the cells were treated with 40 μM psoralen for 6 h, 12 h, 24 h or 48 h, then the expression of mRNA and protein expression were detected by RT-qPCR or Western blotting. Additionally, 0.1% DMSO was as a control group in all experiments.

MTT assay {#Sec14}
---------

Cell viability was tested using the MTT assay according to the manufacturer's instructions. SMMC7721 cells were plated into 96-well plates at a density of 5000 cells/well for 24 h. Following treatment with psoralen for 24 h to 72 h, the medium was removed and cells were washed with PBS. MTT (0.5 mg/mL) was then added to each well and the mixture was incubated for 4 h at 37 °C. MTT reagent was then replaced with DMSO (150 μL per well) to dissolve formazan crystals. After the mixture was shaken at room temperature for 10 min, absorbance was measured at 490 nm using a microplate reader (Bio-Tek, Winooski, VT, USA).

Routine transmission electron microscopy (TEM) of adherent cells {#Sec15}
----------------------------------------------------------------

SMMC7721 cells were plated at a density of 1 × 10^5^ cells/well in 6-well plates and treated with 40 μM psoralen or 0.1 μM Thapsigargin for 24 h. Cells were fixed in situ in 2.5 % glutaraldehyde in 0.05 M phosphate buffer (pH 7.4) for 2 h at 4 °C, then cells were scraped down and to centrifuge for 15 min in 2000 rpm, then discarding the supernatant and resuspending in the 2.5% glutaraldehyde buffer. After fixation, the samples were post-fixed in 1% OsO~4~ for 4 h and dehydrated in increasing concentrations of ethanol and propylene oxide series. Subsequently, the samples were embedded in Epon 618 resin and polymerized for 48 h at 60 °C. Then, the ultrathin sections (90--100 nM) samples were mounted on the copper grids and were stained with 0.5% aqueous uranyl acetate and lead citrate. Subsequently, the grids were air-dried and examined under a transmission electron microscope (Philips Tecnai-12, Netherlands) at 25 kV.

Flow cytometry for cell cycle and apoptosis {#Sec16}
-------------------------------------------

SMMC7721 cells were plated into 6-well plates at a density of 1 × 10^5^ cells per well in 6-well plates, after 24 h incubation at 37 °C, cells were treated with 40 μM psoralen for 48 h. Cycle arrest and apoptotic cells were detected by flow cytometric analysis. After the treatment, cells were collected by trypsinization and washed twice with PBS. For cell cycle assay, the collected cells were stained with propidium iodide (PI) (Sanjian, Tianjin, China). Cellular apoptosis was determined with Annexin V-FITC and PI using FITC Apoptosis Detection kit (Sanjian, Tianjin, China). Stained cells were assessed by BD FACSalibur flow cytometry (Franklin Lakes, NJ, USA), and the data were analyzed by FlowJo software (TreeStar, Ashland, OR, USA).

Quantitative real-time reverse-transcription PCR (qRT-PCR) {#Sec17}
----------------------------------------------------------

Total RNA was extracted using TRIzol (Invitrogen) according to protocols from the manufacturers. The purity and integrity of the RNA were checked spectroscopically using a NanoDrop 2000/c spectrophotometer (Thermo). Then, for each sample, 2 μg RNA was reverse transcribed to obtain the cDNA template using PrimeScript^®^RT reagent Kit (TaKaRa). Each cDNA sample was diluted 5 times for qRT-PCR amplification; qRT-PCR was performed using the fluorescent dye SYBR^®^ Premix Ex Taq™ (Tli RNaseH PlusII, TaKaRa) with a 7500 Fast Real-Time PCR System. Amplification was performed with the following fast time course: 95 °C 30 s, 95 °C 5 s, 65 °C for 30 s for 40 cycles. Relative mRNA expression values were determined by the 2−ΔΔCt method using human β-actin as the normalization control.

Western blotting {#Sec18}
----------------

SMMC7721 cells were lysed with RIPA lysis buffer (Beyotime, Haimen, China) supplemented with PMSF. The proteins were separated through 10% SDS-PAGE gels electrophoresis, and transferred to polyvinylidene difluoride membranes, and incubated in block buffer and then incubated with primary anti-bodies, including Bax (1:2000), Bcl-2 (1:2000), CDK4 (1:1000), CyclinD1 (1:30,000), CyclinE1 (1:1000), P27 antibody (1:1000), GRP78 (1:1000), CHOP (1:1000), IRE1α (1:1000), XBP-1S (1:1000), and β-actin antibody (1:20,000), followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Protein expression was visualized by enhanced chemiluminescence assay and signal Signals were detected using a Fluorchem E system (Protein-Simple, USA).

Statistical analysis {#Sec19}
--------------------

Data were expressed as the mean ± SD. Significant differences were accepted at the 0.05 level of probability and were statistically determined with ANOVA followed by a Newman--Keuls post hoc test using GraphPad Prism6 (San Diego, CA).

Additional file
===============

 {#Sec20}

**Additional file 1: Figure S1.** Effects of psoralen on gene expression of ER-stress in HepG2. The mRNA levels of key gene in ER-stress in the dose of 40 μM psoralen or 0.1 μM thapsigargin for 24 h. Values are means ± SD (n = 3) and \* is means compared to the Con group, \*\*, p \< 0.01; \*\*\*, p \< 0.001.

PSO

:   psoralen

HCC

:   hepatocellular carcinoma

ER

:   endoplasmic reticulum

TG

:   thapsigargin

PERK

:   protein kinase R-like ER kinase

ATF6

:   activating transcription factor 6

IRE1

:   inositol-requiring enzyme 1

GRP78

:   glucose-regulated protein of 78

UPR

:   unfolded protein response

CHOP

:   C/EBP homologous protein

XBP1

:   X-box binding protein 1

TUDC

:   tauroursodeoxycholic acid

qRT-PCR

:   quantitative real-time PCR
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